Abbreviations: Enhanced green fluorescent protein (EGFP), magnetic resonance imaging (MRI), Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), phosphate-buffered saline (PBS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide dimethyl sulfoxide (MTT), ferric citrate ammonium (FAC), inductively coupled plasma mass spectroscopy (ICP-MS), tetracycline repressor protein (TetR), tetracycline (Tet) A unique hybrid protein ferritin-enhanced green fluorescent protein (EGFP) was built to serve as an endogenous dual reporter for both fluorescence and magnetic resonance imaging (MRI). It consists of a human ferritin heavy chain (an iron-storage protein) at the N terminus, a flexible polypeptide in the middle as a linker, and an EGFP at the C terminus. Through antibiotic screening, we established stable human glioma U251 cell strains that expressed ferritin-EGFP under the control of tetracycline. These cells emitted bright green fluorescence and were easily detected by a fluorescent microscope. Ferritin-EGFP overexpression proved effective in triggering obvious intracellular iron accumulation as shown by Prussian blue staining and by MRI. Further, we found that ferritin-EGFP overexpression did not cause proliferation differences between experimental and control group cells when ferritin-EGFP was expressed for Ͻ96 hours. Application of this novel ferritin-EGFP chimera has a promising future for combined optical and MRI approaches to study in vivo imaging at a cellular level.
INTRODUCTION
Glioma is among one of the most malignant tumors and is characterized by high levels of mortality and recurrence (1) . Further, glioma cells show infiltrative growth and have no obvious boundaries with surrounding normal tissues. Precise noninvasive imaging is of great importance in tumor localization, metastasis detection, and subsequent therapy. Fluorescence imaging can provide noninvasive real-time dynamic observation of tumors. However, fluorescence has poor penetration capability, limiting its usage in deep-seated tumors. In contrast, magnetic resonance imaging (MRI) is not affected by the depth of target tissues and has high spatial resolution. However, the sensitivity of MRI is not high enough for performing cellular or molecular imaging. Therefore, to solve this problem, MRI contrast agents were invented using substances such as iron or gadolinium (2, 3) . For example, iron oxide nanoparticles are often used in labeling cells (4) (5) (6) . However, with the division of cells, the exogenous reporter is diluted, leading to a loss of signal change over time. Subsequently, several MRI reporter genes have been introduced into cells by either plasmids or slow virus transfection to serve as endogenous reporters (7, 8) .
Our focus will be on the use of ferritin as part of a reporter gene. Ferritin is an extensively studied iron-storage protein in the human body and plays an important role in maintaining the balance of iron metabolism (9, 10) . Ferritin is composed of 2 types of subunits, both H and L subunits, namely, the heavy and the light chains. H subunits are the core subunits of iron storage in ferritin and can work as preferable endogenous MRI reporters (11, 12) . In recent years, dual reporters that combine the advantages of fluorescence imaging and MRI have gradually become hotspots for noninvasive imaging studies. A dual reporter is usually composed of a fluorescent protein that is used for fluorescence imaging and a ferritin protein that is used for MRI (13) (14) (15) (16) . However, transgenic ferritin has usually been expressed separately from fluorescent protein and thus is not directly observed by fluorescence detection. There is also some controversy about the effects of ferritin overexpression on cells and in the body (11, (17) (18) (19) (20) . The reason behind these contradictory facts may be the various ferritin expression levels and different cell types that have been applied in those studies.
Here, we propose an improved dual-reporter ferritin-enhanced green fluorescent protein (EGFP) chimera, with a human ferritin heavy chain at the N terminus, an EGFP at the C terminus, and a special polypeptide as a linker in the middle that is expected to improve the fluorescence intensity and stability of EGFP (21) . By building stable human glioma U251 cell strains that express ferritin-EGFP under the control of tetracycline (Figure 1 ), we could realize cellular imaging with both fluorescence imaging and MRI techniques.
METHODOLOGY Gene Constructs
The gene of human ferritin heavy chain (NCBI Reference Sequence: NM_002032.2) with a polypeptide (LEGGGSGGGTGGGSGGGA) at the C-terminus was synthesized with a Hind III restriction site at the 5=-terminus and a Kas I restriction site at the 3=-terminus (Biosune, Shanghai, China). The stop codon of the ferritin gene was deleted. The EGFP gene was generated by polymerase chain reaction amplification using pcDNA3.1-3=-EGFP as templates, with the Kas I restriction site at the 5=-terminus and a BamH I restriction site at the 3=-terminus. pCEP4-ferritin-EGFP was built by insertion of the EGFP gene into pCEP4-ferritin. The above ferritin-EGFP gene was ligated into a modified pcDNA4/ TO-neo ϩ vector (zeocin-resistance gene of pcDNA4/TO was replaced by neomycin-resistance gene) and formed pcDNA4/TO-neo ϩ -ferritin-EGFP. All the above genes were sequenced at Biosune.
Establishment of U251-TetR-Ferritin-EGFP Cell Strains
All transgene constructs were transformed into Escherichia coli strain Top10 (Self-made) and transformants with ampicillin resistance. After amplification in E. coli, plasmids were extracted by an Axygen mini-preparation kit (Axygen, Hangzhou, China). pCEP4-ferritin-EGFP plasmids were transfected by a self-made polyetherimide-based reagent into HeLa cells to check the ferritin-EGFP expression. Then, pcDNA6/TR vectors (Thermo Fisher Scientific, Shanghai, China) were transfected into human glioma U251 cells (Cell Resource Center of Shanghai Academy of Sciences, Chinese Academy of Sciences, Shanghai, China). Stable U251 cells that expressed tetracycline repressor protein (TetR) were selected using blasticidin (6 g/mL) (Thermo Fisher Scientific, Shanghai, China) and named U251-TetR cells, which then served as host cells for pcDNA4/TO-neo ϩ - Figure 1 . Establishment of tetracycline-inducible U251-tetracycline repressor protein (TetR)-ferritin-EGFP cell strains. The fusion gene of ferritin-EGFP with a human ferritin heavy chain (ferritin) at the N-terminus, a polypeptide (LEGGGSGGGTGGGSGGGA) as a linker in the middle, and an EGFP at the C-terminus (A). Establishment of U251-TetR-ferritin-EGFP mainly through 2 steps of antibiotics' screening (B). First, blasticidin was used to select pcDNA6/ TR-transfected U251 cells to get U251-TetR polyclonal cells that expressed TetR at different levels. Second, G418 was further applied to select pcDNA4/TO-neo ϩ -ferritin-EGFP (a modified pcDNA4/TO vector with zeocin replaced by neomycin, and inserted with the ferritin heavy chain-EGFP fusion gene ferritin-EGFP at multiple cloning sites)-transfected U251-TetR polyclonal cells and obtained U251-TetR-ferritin-EGFP polyclonal cells, which were further separated to create U251-TetR-ferritin-EGFP monoclonal cells that expressed tetracycline-inducible ferritin-EGFP at a uniformly high level.
Ferritin-EGFP Chimera for Fluorescence Imaging and MRI ferritin-EGFP plasmids transfection. Several U251-TetR-ferritin-EGFP cell strains were generated by G418 screening (1 mg/mL) (Thermo Fisher Scientific, Shanghai, China) and then analyzed by Western blot and fluorescence imaging. Finally, a successful U251-TetR-Ferritin-EGFP cell strain was created that showed stable high-level expression of Ferritin-EGFP under tetracycline regulation. The cell culture medium was Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Shanghai, China).
Western Blot Analysis
Cells were grown on a 6-well cell culture plate (Corning, Shanghai, China) with the same seeding density. Ferritin-EGFP expression was started by adding tetracycline (2 g/mL) (Aladdin, Shanghai, China) in the culture medium. Then cells were harvested and lysed on ice in a lysis buffer (50 mM Tris HCl, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 10% (v/w) glycerol, 1% (v/w) Triton X-100, and 1 mM phenylmethylsulfonyl fluoride [pH 7.4]) (Aladdin, Shanghai, China). Samples were incubated with a 2ϫ protein loading buffer (Self-made) for 10 minutes at 100°C, and then separated on 10% sodium dodecyl sulfate polyacrylamide gels (self-made) and later transferred to 0.45 m polyvinylidene fluoride membranes (Millipore, Shanghai, China) for Western blot analysis. Membranes were blocked in the blocking buffer (5% skimmed milk powder in TBST buffer: 0.8% (w/v) NaCl, 0.02% (w/v) KCl, 0.3% Tris base, and 0.05% (v/v) Tween-20, (pH 7.4), for 2 hours at room temperature. Further, membranes were incubated with primary antibodies (CWBIO, Beijing, China) for 1 hour at room temperature, and then with secondary antibodies (CWBIO, Beijing, China) for 1 hour at room temperature. The protein was eventually imaged with Kodak films (Kodak, State of New York, United States) using ECL detection reagent (CWBIO, Beijing, China). Primary antibodies included anti-EGFP polyclonal rabbit antibody (Zen BioScience) and anti-␤-actin monoclonal mouse antibody (CWBIO, Beijing, China). Secondary antibodies were horseradish peroxidase-conjugated Goat Anti-Rabbit antibody (CWBIO, Beijing, China) and horseradish peroxidase-conjugated Goat AntiMouse antibody (CWBIO, Beijing, China).
Fluorescence Imaging
Cells were cultured in a 6-well cell culture plate in DMEM (10% FBS). Then, DMEM was discarded and cells were washed by phosphate-buffered saline (PBS) (Self-made) 3 times. All fluorescence imaging was performed in the 6-well cell culture plate using a Leica fluorescent microscope (DM4000B, Leica, Solms, Germany). The green fluorescence of EGFP was excited by a blue laser.
Cell Proliferation Assay
Cells were seeded at the same density and cultured in 96-well cell culture plates (Corning, Shanghai, China); 2 groups of cells were tested in this experiment. The first group of cells (U251-TetR-ferritin-EGFP glioma cells) was used to check the effect of ferritin-EGFP expression on cell proliferation. Ferritin-EGFP expression was either started or turned off by adding or withdrawing tetracycline (2 g/mL) into the cell culture medium. The second group of cells (normal U251 glioma cells) was used to check the effect of tetracycline on cell growth. The experimental group was labeled as tetracyclineϩ ("Tetϩ") with 2 g/mL tetracycline added to the cell culture medium, and the control group was labeled as "TetϪ" without any tetracycline in the medium.
Cells were detected every 24 hour as follows (n ϭ 6). Standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide dimethyl sulfoxide (MTT) detections were conducted to check cells' proliferation, which mainly included the following procedures. First, 20 L of 0.5% MTT (in PBS) (Aladdin, Shanghai, China) was added to each well. After 4-hour incubation in 37°C, the suspension medium was discarded. Then, 150 L of DMSO (Aladdin, Shanghai, China) was added to each well. Finally, the absorbance of each well was measured using light of wavelength of 490 nm. Significant differences were examined using a t-test from SPSS 16.0 software. Differences were considered significant when P Ͻ .05.
Prussian Blue Staining
Cells were iron-loaded by growing them in supplemented medium that contained 2 mM ferric citrate ammonium (FAC) (Macklin, Shanghai, China) for 48 hours. Then, the cells were washed using PBS 3 times and were fixed in 4% paraformaldehyde (Macklin, Shanghai, China) for 15 minutes. Cells were washed using deionized water several times. Iron staining was performed using a Prussian blue staining assay kit (Solarbio, Shanghai, China) following standard procedures. Cells were stained for 30 minutes by potassium ferrocyanide in hydrochloric acid and then washed with deionized water several times and counterstained with Fast Red for 10 minutes. Digital pictures were taken using a Leica fluorescent microscope (DM4000B, Leica, Solms, Germany) under bright field conditions.
Iron Measurements by Inductively Coupled Plasma Mass Spectroscopy
Cellular iron content was detected by inductively coupled plasma mass spectroscopy (ICP-MS) (i CAP Q, Thermo Fisher Scientific, Shanghai, China). First, a cell pellet was dissolved in 3 mL HNO 3 /H 2 O 2 (4:1) solution. Then, the clear sample solution was tested by ICP-MS following standard procedures.
MRI Experiments
For phantom preparation, cells (6 ϫ 10 6 /group) were uniformly suspended in 0.1 cc of 1% agarose in the middle of long glass tubes. Except for the cell layer, both the upper and lower regions of the tubes were filled with 1% agarose gel. Three tubes were prepared in total; the first tube was filled with glioma cells with ferritin-EGFP expression (labeled as "ϩ"), the second tube was filled with glioma cells with no ferritin-EGFP expression (labeled as "Ϫ"), and the last one was filled with pure 1% agarose (labeled as "0"). Note that all cells were incubated with 2 mM FAC for 48 hours. The 3 tubes were evenly inserted into 2% agarose in a disk-like 7 ϫ 10-cm (height ϫ diameter) container. Similarly, different concentrations of FAC tubes were prepared in 1% agarose in the long glass tubes. A multiecho, gradient echo technique was applied to estimate R2* (1/T2*), as iron content can be estimated from the change in R2* (⌬R2* ϭ R2=) between the gel with iron and that without iron. Data were collected on a 3 T scanner (MAGNETOM Trio, Siemens Healthcare, Erlangen, Germany) equipped with a standard 12-channel head coil. The imaging parameters for the 7 multiecho, gradient echo sequences were as follows: repetition time ϭ 80 milliseconds, echo time ϭ 10 -70 milliseconds in increments of 10 milliseconds, flip angle ϭ 25°, resolution ϭ 0.27 ϫ 0.27 ϫ 1 mm, bandwidth ϭ 120 Hertz/pixel, and sections ϭ 80. R2* values were measured above, below, and in the region of iron content in the tubes containing cells using a rectangular region of 5228 pixels after zooming by a factor of 8 (roughly 82 pixels in the original unzoomed images).
RESULTS

Expression of Ferritin-EGFP in HeLa Cells and Glioma U251 Cells
The ferritin-EGFP produced here was a fusion protein and was composed of an EGFP (ϳ27 kD), a ferritin heavy chain (ϳ21 kD), and a polypeptide linker (ϳ1.3 kD). Thus, its molecular weight was expected to be ϳ49 kD. Our Western blot result (Figure 2A) showed that ferritin-EGFP was successfully detected by anti-EGFP antibodies and showed a molecular weight much larger than that of EGFP, approaching 50 kD (protein marker was not shown). This proved that ferritin-EGFP was successfully expressed in cancer cells. Fluorescence detection showed that cells that expressed ferritin-EGFP emitted bright green fluorescence ( Figure 2B ), which indicated that the EGFP functioned well and was not impaired when linked with heavy-chain ferritin. Both of the above results show that ferritin-EGFP was successfully expressed in both HeLa cells and glioma U251 cells.
Establishment of a Tetracycline-Inducible U251-TetRFerritin-EGFP Monoclonal Cell Strain
A tetracycline-inducible U251-TetR-ferritin-EGFP monoclonal cell strain was successfully built through plasmid transfection and antibiotics screening. The tetracycline regulation system worked through the following mechanism: U251-TetR-ferritin-EGFP monoclonal cell strains could stably express both TetR and ferritin-EGFP. TetR bonded with tetracycline operator sequences (TetO 2 ) and thus suppressed the expression of the downstream gene (ferritin-EGFP gene in this case). But when tetracycline was present, TetR bonded with tetracycline and was structurally changed and detached from TetO 2 , because of which, ferritin-EGFP suppression was relieved. When tetracycline was added (2 g/mL, 48 hours), the ferritin-EGFP expression showed obvious protein expression as shown by both bright green fluorescence ( Figure 2B , Tetϩ) and Western blot detection ( Figure 2C , Tetϩ). When tetracycline was absent in the cell culture medium, the ferritin-EGFP expression was suppressed ( Figure 2 , B and C, TetϪ). Usually, some low-level basal protein expression existed in tetracycline regulation systems; however, it could not be detected by Western blotting (Figure 2C, TetϪ) . Nevertheless, this low-level basal protein expression was successfully detected by fluorescence ( Figure 2B , TetϪ) and showed a weak, sparse green fluorescence signal (as indicated by the white arrow), which indicated that fluorescence detection was more sensitive than Western blotting. These interesting results Ferritin-EGFP Chimera for Fluorescence Imaging and MRI revealed the high fluorescent sensitivity of ferritin-EGFP. In other words, we successfully established tetracycline-inducible U251-TetR-ferritin-EGFP monoclonal cell strain, and this cell strain worked stably even after 15 passages.
Cellular Iron Intake Observed by Prussian Blue Staining
In our experiments, both control group cells (that did not express any ferritin-EGFP) and experimental group cells (that stably expressed high levels of ferritin-EGFP) were iron-loaded with 2 mM FAC for 48 hours. Prussian blue staining (Figure 3 ) detected limited iron intake in the control group cells but detected obvious iron intake (blue particles shown by the red arrow) in the experimental group. Without FAC supplements, neither showed Prussian blue staining (data not shown). Because a small amount of native ferritin (compared with the large quantity of transgenic ferritin-EGFP) also existed in the cells (13), it was not surprising to observe some low-level iron intake in the control group with iron loading. However, the much higher level of iron intake in the experimental group indicated that the expression of ferritin-EGFP worked well as an ironstorage protein.
Effects of Ferritin-EGFP Overexpression on Cell Proliferation
Both control group cells (TetϪ, without ferritin-EGFP expression) and experimental group cells (Tetϩ, with ferritin-EGFP expression) were evaluated every 24 hours to examine whether the ferritin-EGFP overexpression affects cell proliferation (Figure 4) . The cell growth was monitored for 96 hours. A longer growth time may lead to an overgrowth of cells, causing large uncertainties in MTT detection. Significant differences were considered when P Ͻ .05. There were no significant differences between the 2 groups of cells when ferritin-EGFP expressed for 24, 48, 72 and 96 hours. Because the ferritin-EGFP expression was started by adding tetracycline (2 g/mL for 48 hours) in the culture medium, the effects of tetracycline on cell proliferation were also examined through MTT detection. Results showed that tetracycline had no effect on cell growth, as no significant differences were observed between the experimental and control groups ( Figure 5 ).
Cellular Iron Measurements by ICP-MS
The ICP-MS measurements ( Figure 6 ) showed that the addition of iron (FAC) into the culture medium significantly increased cellular iron intake. Without iron supplement, limited iron was detected (about 0.11 pg/cell), whether or not the cells had ferritin-EGFP expression. However, with iron supplement, high levels of cellular iron were observed, particularly, measurements showed 5.1 pg/cell for the "Ferritinϩ" group and 3.9 pg/cell for the "Ferritin-" group. That is to say, ferritin expression promoted cellular iron intake by 31% compared with the control group (this was consistent with the Prussian blue results). However, the Prussian blue results showed less iron than the control Effects of ferritin-EGFP expression on cell proliferation. FerritinϪ was the control group; there was no tetracycline in the culture medium, so the ferritin-EGFP expression was suppressed. Ferritinϩ was the experimental group, and there was tetracycline in the culture medium, so, it expressed high levels of ferritin-EGFP. Cells' proliferation was detected by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide dimethyl sulfoxide (MTT) every 24 hours. Results are represented as mean Ϯ SD (n ϭ 6). group as shown by ICP-MS. This apparent difference could be caused by the detection sensitivities of the 2 methods. ICP-MS is capable of detecting lower levels of iron because it is much more sensitive than Prussian blue staining.
R2* Measurements and Estimation of Iron Content
Echo times of 10, 20, 30, and 40 milliseconds were used, as these provided the best image quality. R2* values were measured for 2 sections of cells in each tube (for visualization of the iron cell layers in the tubes themselves and the 40-millisecond image, see Figure 7 ). In each tube, 2 sections were evaluated. which indicated that ferritin-EGPF expression was effective as an MRI reporter.
Before this study, several dual reporters were successfully established, in which ferritin and fluorescent proteins were separately expressed, such as myc-ferritin and green fluorescent protein (13) , ferritin and red fluorescent protein (23) , and ferritin and EGFP (15) . Nevertheless, fluorescent protein-fused ferritin was more favorable, as it was distinguishable from native ferritin inside cells. Ono et al. (24) found lower DsRed fluorescence in a DsRed-ferritin fusion protein, and they speculated that DsRed's structure or stability may be affected. In our study, a special 18-amino-acid-long polypeptide was added between ferritin and EGFP to avoid potential interferences between them. This polypeptide was expected to improve the performance of the EGFP reporter gene. When Kim et al. (21) studied the application of fluorescent ferritin nanoparticles to the aptamer sensor, they found that when EGFP was linked to the C terminal of heavy-chain ferritin by a flexible glycine-rich peptide, the emission intensity and stability of EGFP were both greatly improved because of the aggregation nature of the heavy-chain ferritin. Despite the fact that our EGFP was linked to a modified polypeptide, it still showed high fluorescent sensitivity, and its expression was successfully regulated by tetracycline.
The effects of ferritin overexpression have been controversial. Some studies found that ferritin may be an effective therapy for prevention and treatment of Parkinson disease by reducing reactive iron (25) . Further, Ziv et al. (11) reported the follow-up of a transgenic mice that overexpressed H-ferritin in liver hepatocytes for 2 years, and found that ferritin overexpression was safe for the mice. However, there was also evidence showing damage caused by ferritin overexpression, such as cell growth inhibition (18) or progressive age-related neurodegeneration (26, 27) . These findings may be caused by various ferritin expression levels. Therefore, we created a tetracycline-regulated ferritin-EGFP expression system to avoid potential harm and investigate the effects of ferritin at different expression levels.
Literature (14, 16) reported that ferritin overexpression is supposed to increase net iron uptake by improved transferrin receptor or intracellular iron redistribution even without iron supplements. However, as shown in our study, no obvious iron intake was observed (neither by Prussian blue staining nor by ICP-MS measurements) if there was no iron supplement in the culture medium. Instead, FAC supplement seems to be effective in increasing cellular iron intake. Ferritin expression enhanced this effect.
Although the estimates of iron content measured by MRI and ICP-MS are not in perfect agreement, they are only slightly different, and the relative values of each are similar. For the MR R2* estimates, as the 2 sections had equal volumes, a simple average of the values in the 2 sections was taken. The thickness of the cell layers and resolution of only 1-mm-thick sections made it difficult to incorporate partial volume effects, so we considered just the central 2 sections with clear signal changes. The iron in the "FerritinϪ" group appears to have settled, giving a different R2* values for each layer, but the average R2* still represents the correct concentration of iron.
One can estimate iron loading and effective susceptibility from these measurements. Using 6 pg Fe/cell for 6 million cells gives 6.4 ϫ 10 10 atoms/cell. If there are 100 million ferritin proteins/cell; this predicts 640 iron atoms/ferritin. This lies in the loading range of 0 -4500 iron atoms/ferritin known in the literature (10) . One can also estimate the susceptibility in every cell using the following formula: R2= ϭ k␥⌬B o , where k ϭ 0. (10) . Using Fe 3 O 4 , the fact that the iron sits in 0.1 cc and the density of iron is 5.18 g/cc, the volume fraction of iron is estimated to be ϭ 6.95 ϫ 10 Ϫ6 . This yields a ⌬ of ϳ9.9 ϫ 10 4 ppm or a ⌬/cell of 1.65 ϫ 10 Ϫ4 ppm. This value is close to the nanoparticles' susceptibility (7.5 ϫ 10 4 ppm at 3 T) used by Shen et al. (28) . At 3 T, the noise in measuring ⌬ using quantitative susceptibility mapping (29) with a 3-dimensional sequence covering the whole brain is about 20 ppb for a 1-mm 3 voxel size depending on the imaging parameters and imaging time. This suggests that it is possible to measure the presence of ϳ100 cells with a signal-to-noise ratio of ϳ8:1.
In summary, we successfully established a tetracyclineinducible ferritin-EGFP chimera. Our results confirm the potential to use this chimera as an endogenous dual reporter for both fluorescence imaging and MRI for cellular levels of ferritin-EGFP.
